Recent results on the asymmetries in top-antitop pair production obtained by the Tevatron collaborations are reviewed. In addition to measuring fully reconstructed forward-backward asymmetries the experiments produced results using Legendre polynomial expansion, asymmetry in lepton direction from top-antitop decay and studies of its kinematic dependencies.
Introduction
Top quark discovered by the Tevatron in 1995 [1] is the heaviest of all known particles. The strength of top quark coupling to the newly discovered Higgs boson [2] associated with the spontaneous breaking of the electroweak symmetry is very close to unity. This fact led people to think that top quark may play a special role in this phase transition [3] . In the process of electroweak symmetry breaking gauge bosons that have different couplings to left-and right-handed fermions acquire mass, while the linear combination that has equal couplings remains massless. Some models suggest that a similar mechanism works in the strong sector, giving rise to heavy mediators of strong interaction that have axial component, so called axigluons [4] . Top pair production in pp collisions mediated by axigluons would result in parity violation, experimentally observable as a forward-backward asymmetry, not unlike forward-backward asymmetry in fermion production in e + e − collisions mediated by the Z-boson. Different classes of models also suggest non-zero forward-backward asymmetry in top pair production [5] .
In the Standard Model the asymmetry appears at the α 3 s level. The interference between Born and box diagrams of tt production results in a final state without extra patrons and yields positive asymmetry, while the interference between diagrams containing initial or final state radiation results in negative asymmetry. The overall effect is positive though numeric predictions range from 4% to 9% [6] .
We define the positive direction to be that of proton, while the negative to be that of antiproton. The asymmetry is evaluated based on the difference in rapidity of top quark with that of anti top quark (∆y), a variable that is invariant under the boost along the beam axis. The forwardbackward asymmetry (A FB ) is the difference between the number of tt events with positive and the ones with negative ∆y divided by their sum. Similarly, the asymmetry in lepton direction can be defined based on the signed rapidity (q l y l ) of the lepton from tt decay(A l FB ). Experimentally, measurement of the lepton-based asymmetry is more robust. Theoretically, the measurement of this observable and a study of its kinematic dependencies provide an additional discriminator between different models [7] . Top pair production signatures are classified based on the W boson decay mode, resulting in three classes of events: dileptons, where both W bosons decayed leptonicaly, l+jets, where only one W -boson decays leptonically, and all-hadronic, with both W bosons decaying hadronically. Only channels containing leptons are suitable for the asymmetry measurement, which requires determination of the charge of the top quark. Dilepton channel, though lower in statistics than l+jets channel, offers an additional possibility to measure the asymmetry based on the difference in rapidity between the positive and negative leptons (A ll FB ). The first measurement of the tt production asymmetry was produced by D0 in 2008 [8] , followed by CDF [9] . Despite large statistical uncertainties it was evident that both results based on approximately 1 fb −1 of data were considerably higher that any SM prediction that existed at that moment [10] . Updated results from both experiments based on about 5 fb −1 of data still exceeded the SM prediction [11, 12] . In addition, CDF observed a strong dependence of the asymmetry on the invariant mass of the tt system (m tt ), while D0 reported a large asymmetry in the production of leptons from tt decay. m tt dependence observed by D0 was in statistical agreement with both the CDF measurement and the SM prediction, similar statement is true for the A l FB observed by CDF. The apparent deviations prompted model building beyond the standard model (BSM) that would explain the observed effect. At about the same time LHC started its operation. While the tt charge asymmetry measurement is substantially more difficult and only with the full statistics of the 7 and 8 TeV runs it starts challenging the Tevatron results, LHC reach in search of other new phenomena is far superior to that of the Tevatron. No deviations from the SM were found by the LHC significantly limiting the class of models that could explain the observed A FB . Meanwhile, the SM based calculations of the effect became more sophisticated predicting a number that exceeded the original estimates by a factor 2-3 [13] . Yet, the full evaluation of the effect at the α 4 s level is still pending [14] .
With the Tevatron demise in 2011 the emphasis in its data analysis shifted towards maximizing the statistical sensitivity of the available dataset. To achieve this goal CDF performed the Legendre polynomial expansion analysis, while D0 extended the leptonic asymmetry to the l+3jets sample and performed its kinematic dependence studies. In the dilepton channel D0 measured both A l FB and A ll FB .
Legendre polynomial expansion of the tt production cross section
The classical definition of the observable as a forward-backward asymmetry is motivated largely by analogy with the property observed in interactions mediated by Z-boson. At the same time this measurement does not not fully exploit the information from the shape of the angular distribution. To overcome this shortcoming CDF measured a differential cross section for tt production as a function of the cosine of the top quark production angle with respect to the proton's direction defined in the tt rest frame(cos(θ t )). To characterize the shape of the cross section CDF employed a projection onto the Legendre polynomials. The Legendre polynomials P l (x) are a complete set of orthogonal polynomials with even powers being symmetric around zero and odd powers -antisymmetric. A detailed analysis of a tree-level 2 → 2 scattering process [15] suggests that the cross section of a process that is a result of an interference between diagrams that proceed with the total angular momentum J and J is described by a linear combination of the Legendre polynomials of power l such that |J − J | ≤ l ≤ |J + J |. In the SM→ tt production is mediated by spin 1 gluon. Thus, Legendre polynomials of power 0 and 2 can contribute to the production cross section of this process. Polynomial of power 1 is not allowed because it would violate P-parity, which is conserved in the strong interactions. Beyond tree-level other powers l are allowed. Thus, a sig-
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Top asymmetry Regina Demina nificantly larger than SM-predicted contribution of power 1 polynomial would signify a process mediated by a spin 1 particle that violates P-parity. Using 9.4 fb −1 of data CDF selected 3864 events in l+jets channel, out of which 2750 ± 427 are estimated to originate from the tt production. The distribution over cos(θ t ) is presented in Fig. 1(a) . Fig. 1(b) shows the cross section Legendre expansion coefficients in front of the polynomial of power l compared to the theoretical predictions based on SM [16] and some of the new physics models (axigluons and exchange of Z' boson in t-channel). All coefficients are in a good agreement with the SM prediction with a possible exception of the l = 1 power which exceed the NLO SM prediction by about 1 standard deviation.
3. Asymmetry in lepton production from tt decay 3.1 CDF measurement in the l+jets channel Forward-backward asymmetry defined using leptons charge (q l ) times its rapidity (y l ) is sensitive not only to asymmetry at production but also to top polarization [17] , thus providing an additional discrimination between models. CDF performed an analysis of 9.4 fb −1 of data. Muons and electrons are selected with pseudo rapidity (η) region of ±1.1. The distribution over lepton signed rapidity is shown in Fig. 2(a) and compared to the POWHEG [18] prediction. Asymmetries observed at the different levels of analysis are presented in Table 1 . The first row in this Table 1 1 represents raw numbers observed in data, while the second row presents the asymmetries corrected for the background contribution. Both these asymmetries corresponds to the events within the fiducial volume, namely for events that have leptons within |η| < 1.1. Assumptions on the behavior
Top asymmetry Regina Demina of the asymmetry must be made to extrapolate the measurement to the full pseudo rapidity region. Examination of several SM and BSM scenarios suggests that asymmetry dependence on |q l y l | is well described by hyperbolic tangent. Assuming this functional dependence of the asymmetry shown in Fig. 2(b) CDF extrapolates the measurement to the full kinematic region, which is the number presented in the last row of Table 1 . This extrapolation is necessarily model dependent.
Once the procedure is applied to several axigluon simulated samples (with mass of 200 GeV, width of 50 GeV and assumed left, right and axial couplings to quarks) the extrapolated asymmetry is in a good agreement for left-handed and axial mediators, while it differs by 6% for right-handed mediators.
3.2 D0 measurement in the l+jets channel D0 also updated its measurement of the A l FB in l+jets channel and included a study of the asymmetry dependence on the transverse momentum of the lepton (p l T ) from tt decay. Since this measurement does not require a full reconstruction of the tt system it can be easily extended to l+3jets sample, where one of the jets from tt decay is lost. Since the purity differs significantly depending on the number of jets and b-tags the A l FB was measured separately in each subsample and then combined. The distributions in q l y l for four subsamples is presented in Fig. 3 . The combined asymmetry at the reconstruction level is 2.8 ± 2.1(stat)
−0.9 (syst)% compared to MC@NLO prediction of 1.6% [19] . Once corrected for the detector acceptance and resolution the asymmetry is 4.0 ± 2.3(stat) +1.2 −1.5 (syst)% compared to MC@NLO prediction of 2.3%. Contrary to CDF result these numbers correspond to asymmetry within fiducial volume, that is for leptons within rapidity range of 1.5. New D0 result on A l FB is considerably smaller than previously reported 15.2 ± 3.8% measured on 5.4 fb −1 of data [12] . Extensive effort went into understanding the source of this change. In addition to updating the result to the full statistics of Run II D0 made several modifications to the analysis strategy to maximize the statistical sensitivity. Most notably these are addition of l+3jets sample, use of a wide range of triggers and improvements to the b-tagging algorithm. The strategy was finalized before looking at data. No single modification resulted in a change in the measured asymmetry of more than 2.5%. Moreover, once the current analysis is applied to the l+4jets 1 b-tag subsample of 5.4 fb −1 data the measured asymmetry is in excellent agreement with the published result. At the same time the relative weight of each subsample defined by jet multiplicity and the number of b-tags changed to take into the account the expected sensitivity of each subsample, while in the old analysis all subsamples contributed with the equal weight. The conclusion of this investigation is that neither of the measurements is flawed and the change in the measured asymmetry represents a regression to the mean value. Asymmetry dependence on the lepton kinematics provides an additional information that helps to distinguish between different models. The leading source of background to tt signal is production of W boson in association with jets. Leptons from the decay of the inclusively produced W bosons are produced asymmetrically in forward and backward direction due to the higher fraction of the proton momentum carried by u quark compared to that of d quark and due to V − A coupling at W boson decay. This effect is well established theoretically and experimentally. The simulated asymmetry in W + jets production is an extrapolation from the inclusive one. At the same time, there are notable difference between the inclusive production of W boson and its production in association with jets, for which a quark-gluon initial state plays a more significant role. The fraction
Top asymmetry Regina Demina of this contribution depends on the p l T . To reduce the effect of the extrapolation from the inclusive production D0 used l+3jets sample with zero b-tags to calibrate the asymmetry from the W + jets. This subsample is not used for the tt asymmetry measurement. The A l FB measured in data after subtracting the contribution of the calibrated W +jets background as well as other other background sources is shown in Fig. 4 compared to the MC@NLO prediction.
3.3 D0 measurement in the dilepton channel D0 performed measurements of asymmetry in lepton production in dilepton tt events. Two leptons (electrons or muons) are selected to have opposite charge. Two jets are required to be present in events containing two leptons of the same flavor, while at least one jet must be present in eµ events, where one jets and two or more jet events are treated separately to account for the difference in purity. The corresponding distributions in signed pseudo rapidity of leptons (two entries per event) and in the difference in pseudo rapidity between positively and negatively charged leptons are shown in Fig. 5 .
The asymmetries based on both quantities are defined for leptons within pseudo rapidity region of |η| < 2.0 that have |∆η| < 2.4. The observed asymmetries are corrected for the detector acceptance. To extrapolated from the fiducial region to the full acceptance D0 used the scaling factor derive in MC@NLO, as a ratio of the full asymmetry to the one defined for the events that contain the leptons within the fiducial region at the generator level. The corrected and extrapolated asymmetries are presented in Table 2 . The results are compared to the NLO calculation [16] . The results are largely in agreement with the theoretical prediction. 4.8 ± 0.4 Table 2 : Observed A l FB and A ll FB for selected tt dilepton events compared to SM NLO prediction. The first quoted uncertainty is statistical, the second one is systematic.
